Stereoselective syntheses of five naturally occurring, pharmacologically active medium and large ring lactones are described. Key synthetic methods used were, depending on the cases, olefin metatheses, asymmetric allylations and C-glycosidations. Figure 2: Two alternative retrosynthetic strategies in the synthesis of unsaturated lactone rings.
Lactones, most particularly those having a large ring (macrolides), constitute a relevant class within natural products because of their varied and useful biological properties [1, 2] . Among these, antifungal [3] , antibiotic [2e,4] and antitumor [5] activities are particularly worth mentioning. In the last decade, we have been involved in the stereoselective synthesis of naturally occurring, pharmacologically active lactones of various structural types. These include five-membered [6] , six-membered [7, 8] , seven-membered [9] , ten-membered [10] and largering (14-16-membered) lactones [11, 12] . From these, only those having ring sizes of 10 or 14 atoms ( Figure 1 ) will be the topic of this disclosure.
The generic name decanolides encompasses a relatively small class of natural ten-membered lactones [13] of polyketide origin isolated in most cases from various species of fungi. Many of these lactones have been found to display pharmacologically interesting features, such as antibacterial, antitumor or hypolipidemic properties. Two of these decanolides are microcarpalide (1) and lethaloxin (2) . Microcarpalide was isolated in 2001 from an unidentified endophytic fungus growing on the bark of the tropical tree Ficus microcarpa L. While weakly cytotoxic to mammalian cells, the compound acts as a strong microfilament disrupting agent [14] . These properties make it a potential lead structure for the development of new anticancer drugs and, consequently, an attractive target for synthetic studies. Its structure and relative configuration was determined with the aid of spectroscopic methods. The absolute configuration of 1 (Figure 1 ) was established by means of the exciton chirality method.
Lethaloxin was isolated in 1993 from a strain of the fungus Mycosphaerella lethalis [15] . Like 1, it is a trihydroxy ten-membered lactone but one of its hydroxyl groups is esterified with sorbic acid. As with lactone 1, the structure and relative configuration of 2 were determined with the aid of spectroscopic methods but its absolute configuration was unknown at the time in which its synthesis was initiated. As will be discussed with more detail below, lethaloxin has been shown to be identical with pinolidoxin, another decanolide of fungal origin.
The natural lactone named Sch 642305 (3), first isolated from the fermentation broth of the fungus Penicillium verrucosum (culture ILF-16214), has been shown to display a marked ability as a primase inhibitor (EC 50 , 70 M) [16, 17] . Its relative and absolute configurations ( Figure 1 ) were established on the basis of extensive NMR studies and an X-ray diffraction analysis of a crystalline derivative. More recently, lactone 3 was also isolated from a microbial source and found to be a potent inhibitor of HIV-1 Tat-dependent transactivation [18] .
Aspergillides A and B (Figure 1, 4 and 5, respectively) are 14-membered macrolides isolated from a strain of the marine-derived fungus Aspergillus ostianus cultivated in a bromine-modified medium [19] . The compounds showed cytotoxic activity in the micromolar range against mouse lymphocytic leukemia cells (L1210). In the case of aspergillide B, its initially published structure was corrected as a result of synthetic studies which will be presented below.
When planning the formation of an unsaturated lactone ring, many cyclization methods may be taken into consideration, depending on whether a C−C, a C−O or a C=C bond is to be formed during ring closure. When the lactone ring contains more than four atoms, one of the methodologies of C=C bond formation to be taken into account is the transition-metal-catalyzed olefin metathesis, a very powerful synthetic methodology that has become the method of choice in many situations where a C=C bond is to be created. In the great majority of cases, two situations are relevant: the C=C bond to be formed either pertains to an acyclic fragment (cross metathesis, CM) [20] or it is going to become part of a cyclic structure (ringclosing metathesis, RCM) [21] . The stereochemical outcome (E vs. Z) of the C=C bond to be formed is also an important part of the problem.
On the basis of such considerations, one of several possible retrosynthetic analyses of an unsaturated lactone ring may lead to the two alternative proposals depicted in Figure 2 : i) initial formation of the lactone CO bond (esterification) followed by formation of the C=C bond via RCM. ii) initial formation of the C=C bond (CM) followed by formation of CO bond via macrolactonization (intramolecular esterification). Which of these two alternative strategies will be the most efficient one cannot be estimated a priori but only by means of experimentation. We will now look with more detail at the ways we faced these problems when planning the synthesis of natural lactones 1-5.
The first total synthesis of 1 was published by our group in 2002 [10a] . In the subsequent years, syntheses of either the natural product or its nonnatural enantiomer were reported in the literature by no less than ten groups [22] . In Scheme 1, we present the retrosynthetic strategy we followed to address the synthesis of microcarpalide. When we started our synthesis of 1, RCM was more firmly established as a synthetic method than CM, with many examples of the former reaction appeared in the bibliography. For that reason, we chose to form first the CO bond of the lactone by means of esterification and then close the ring with the aid of the reliable RCM method. The retrosynthetic plan for 1 leads first to acyclic diolefin A and then to alcohol B and acid C (P, P´ = protecting groups) as the two key intermediates. These were then referred to (R)-glycidol and tartaric acid, respectively, as the chiral starting materials.
The details of the synthesis are presented in Scheme 2. The known (R)-glycidol derivative 6 [23] was subjected to epoxide ring opening with a n-pentyl cuprate reagent [24] to afford alcohol 7, which was then protected as its MOM (methoxymethyl) [25] derivative 8. Desilylation of the latter to 9 followed by Swern oxidation under mild conditions [26] afforded -alkoxy aldehyde (S)-10 which, without purification, was allowed to react with allyl tri-n-butylstannane in the presence of MgBr 2 •Et 2 O (chelation control conditions) [27] . This provided 11 in good yield and with high stereoselectivity (d.r.  98%).
Alcohol 11 was then coupled with the known carboxylic acid 12 [28] in the presence of DCC [29] to yield diene ester 13 (Scheme 2). This reaction set the stage for the crucial RCM [21, 30] , which was successful by means of using ruthenium catalyst Ru-I. Thus, a 0.001 M solution of 13 and 20 mol% of Ru-I was heated at reflux for 24 h in dry, degassed CH 2 Cl 2 . This provided a 2:1 E/Z mixture of macrocyclic lactones 14 from which E-14 (depicted) was isolated by means of column chromatography. It is worth mentioning here that the use of the second-generation ruthenium catalyst Ru-II [21] gave rise almost exclusively to Z-14. Similar differences in stereochemical outcome between these two catalyst types had previously been observed by other groups [31] and were attributed to the high activity of catalyst Ru-II, which is able to isomerize C=C bonds as well as to cause other side reactions [32] . In consequence, the E/Z ratio with this catalyst may not be kinetically controlled but rather the result of a thermodynamic equilibration. In the case of lactones (E)-and (Z)-14, it has been found by means of theoretical calculations that the Z isomer is more stable that the E isomer by about 2 kcal/mol [33] . This explains why the Z isomer is clearly predominant when catalyst Ru-II is used for the RCM.
Preparation of the target molecule 1 was finally achieved by one-pot removal [34] of all protecting groups in compound 14. The physical and spectral properties of synthetic 1 turned out to be identical with those reported for the natural compound [14] .
Scheme 3: Retrosynthetic plan for lethaloxin (2) .
Our approach to lethaloxin 2 was based on the same concept used in the microcarpalide synthesis and relied again on the formation of the lactone ring via RCM (Scheme 3). Thus, the retrosynthetic plan for 2 leads now first to acyclic diolefin D and then to alcohol E and acid F (P, P´ = protecting groups) as the two key intermediates. These were then referred to the sugar D-ribose and to (R)-glycidol, respectively, as the chiral starting materials. The details of the synthesis are presented in Scheme 4.
Diol 15 was prepared from D-ribose in two steps according to a described procedure [35] and then dehydrated to epoxide 16 by means of the Mitsunobu reaction [36]. Epoxide ring opening in 16 was performed with an ethylcuprate reagent [24] and yielded alcohol 17. Furthermore, epoxide 6 (see Scheme 2) was treated as described [37] with an allylcuprate reagent to afford alcohol 18, which was then protected as its MOM derivative 19. Desilylation and sequential two-step oxidation furnished acid 21, which was then coupled with alcohol 17 using the Yamaguchi procedure [38] . This provided ester 22, which was subjected to RCM in the presence of catalyst Ru-I. As in the synthesis of microcarpalide, an E/Z mixture of cyclic olefins 23 was formed in 74% overall yield (76:24 E/Z mixture, with the E isomer predominating). Both stereoisomers [39] were separated by means of column chromatography and identified by their spectral features [40] .
Compound E-23 was subjected to selective deprotection [41] of the MOM group to yield hydroxy lactone E-24, which was then esterified with sorbic acid using again the Yamaguchi procedure. The resulting ester 25 was Marco & Carda subjected to cleavage of the acetonide moiety [34] to provide a dihydroxy lactone 2, which proved identical to natural (+)-lethaloxin in its optical rotation and spectral features [15] . The physical and spectral data of synthetic 2 were also identical with those reported for both natural [42] and synthetic [31a] (+)-pinolidoxin. This was also the case for the corresponding diacetates and synthetic diacetate 26. The two aforementioned natural decanolides therefore are identical [43] .
In our retrosynthetic plan for lactone Sch 642305 (3) [44] , depicted in Scheme 5, we did not consider the employment of olefin metathesis. This was due to our perception of an -disubstituted cyclohexanone moiety in the protected intermediate seco acid G (P-P´´ = protecting groups). This feature suggested the use of a tandem Michael addition/ enolate alkylation sequence [45] on a protected 4-hydroxycyclohexen-2-one H. The two fragments to be sequentially added to the conjugate C=C bond would be in this case the nucleophilic synthon I and the electrophilic synthon J. The Lewis acid-catalyzed Michael reaction of enone 31 (equivalent of H) with enol silane CH 2 =C(OEt)OSitBu (equivalent of I) has been reported to yield silyl enol ether 32 as the only product [46] . Treatment of 32 with iodide 30 in the presence of TAS-F as a fluoride source provided ester 33 as the sole stereoisomer detectable by NMR. The reaction was best carried out with an excess of liquid iodide 30 in the absence of solvent. The TAS enolate [47] , formed as a reactive intermediate during the reaction, showed a high proclivity to protonation with formation of the corresponding 3,4-disubstituted cyclohexanone (also formed as a side product in 18% yield).
Hydrogenolytic cleavage of the benzyl group in 33 gave hydroxy ester 34. The hydrolysis of the ethyl ester group proved troublesome, due to the sensitivity of 34 to basecatalyzed epimerization and to cleavage of the silyl group. Ester cleavage took finally place at 0C in the presence of an excess of TMSOK [48] . Without any purification, the crude hydroxy acid was then subjected to ring closure by means of the Mitsunobu procedure [36] to yield lactone 35.
Creation of the conjugated double bond was performed as reported [44d] by means of the Saegusa method [49] and gave enone 36, which had already been obtained in one of the previous syntheses of 3 [44c] and was thus converted into the latter compound by means of desilylation.
The structures of aspergillides A (4) and B (5) (Scheme 1) were reported in 2008, together with that of a third congener, aspergillide C [19] . However, the structures assigned to the two former lactones turned out to be incorrect. Indeed, structure 5, initially assigned to aspergillide A, is now known to correspond actually to aspergillide B. This conclusion was the result of parallel synthetic efforts of both a Japanese [50] and our group [11a,c]. Our retrosynthetic concept for lactone 5 is shown in Scheme 7. Hydrolytic opening of the lactone ring and inverse metathesis yields the known alcohol 37 [51] and tetrahydropyran 38. The reconstitution of the lactone ring from 37 and 38 (cf. Figure 2 ) was feasible either by means of esterification followed by ring-closing metathesis (RCM) or, conversely, through initial cross metathesis (CM) followed by macrolactonization. We opted for the latter alternative because of the stereochemical uncertainties of the E/Z stereoselectivity in the RCM step, CM being expected in principle to give a higher proportion of the required E configuration of the olefinic C=C bond [20, 21] . We conceived the stereoselective preparation of tetrahydropyran 38, which exhibits a trans relative configuration at the two stereocenters C-3/C-7, by means of a Mukaiyama-type C-glycosidation [52, 53] of a suitable lactol derivative prepared via reduction of lactone 39. The latter was to be obtained by functional modification of 40, in turn derived from 41 through a ruthenium-catalyzed double bond migration [32] . Subsequently, retrosynthetic asymmetric allylation to aldehyde 42 and retro-oxidative cleavage of the olefinic bond finally leads to the known compound 18 [37] (see Scheme 4). Cleavage of the two silyl groups in 40 (TBAF) gave diol 45. Selective oxidation of the primary hydroxyl group with PhI(OAc) 2 /TEMPO [57] afforded -lactone 39. Reduction of 39 (DIBAL) followed by acetylative quenching yielded the acetylated lactol 46 as a mixture of stereoisomers [58] which were not separated. The mixture was subsequently allowed to react with the trimethylsilyl enolate of tertbutyl thioacetate [59] in the presence of the Lewis acid mixture BF 3 -etherate/TMSOTf [60]. These conditions gave tetrahydropyran 47a, which has the desired trans configuration at C-3/C-7, accompanied by its C-3 epimer 47b (21%). After chromatographic separation, alkaline hydrolysis of 47a provided acid 38 in high yield.
Scheme 8: Synthesis of aspergillide B (5). Acronyms and abbreviations: Ipc, isopinocampheyl; Tf, trifluoromethanesulfonyl; TMS, trimethylsilyl; TEMPO, 2,2,6,6-tetramethylpiperidine-1-oxyl; DDQ, 2,3-dichloro-5,6dicyano-1,4-benzoquinone; DIBAL, diisobutylaluminum hydride. Treatment of 38 with 5 equivalents of olefinic alcohol 37 in the presence of 20% of ruthenium catalyst Ru-II [20] afforded hydroxy acid 48 in 89% yield as a 7:3 E/Z mixture. Macrolactonization was performed on the mixture by means of the Yamaguchi procedure [38] and provided a separable mixture of (E)-49 and (Z)-49. Cleavage of the benzyl group in (E)-49 was performed with DDQ in wet CH 2 Cl 2 [61] to yield lactone 5 in 51% yield. The synthetic compound showed physical and spectral properties identical to those published for aspergillide B [19] as found by Hande and Uenishi [50] .
Even though the yield of the CM step 38  48 was very good (89%), both the stereoselectivity of this step and the chemical yield of the macrolactonization step 48  49 were not as satisfactory as desired. For this reason, we decided to investigate whether the change of order of these two steps (cf. Figure 2) might, despite our previous concern, lead to higher yields of lactone (E)-49. The results of these efforts are shown in Scheme 9. Yamaguchi esterification [38] of acid 38 with alcohol 37 gave ester 50 in 75% yield. RCM of this ester catalyzed by Ru-I led to a 510 Natural Product Communications Vol. 6 (4) 2011 mixture of lactones (E+Z)-49 with predominance of the undesired Z isomer. When catalyst Ru-II was used, two lactones were formed, too, together with decomposition products. Surprisingly, while one of the lactones was (Z)-49, the other was found to have structure 51 (~ 85:15 E/Z mixture), a product of double bond migration. The longer the reaction time, the higher the percentage of 51 and also of decomposition products. Lactone (E)-49 was formed, if at all, in a very small percentage. Furthermore, when subjected to RCM conditions with Ru-II, lactone (Z)-49 was progressively converted into (E+Z)-51. These facts clearly suggest that lactone 51 is thermodynamically more stable than either (E)-49 or (Z)-49, a conclusion further supported by theoretical calculations [62] . Indeed, such double bond migrations and other various -non-metathesis‖ side reactions in Ru-catalyzed processes have been attributed to the in situ formation of ruthenium hydrides, this being more frequent with second-generation catalysts like Ru-II [32] . In any case, this alternative route does not lead to an improvement in the yield of the required (E)-49.
Marco & Carda
When we initiated the synthesis of aspergillide A, we were still unaware of the actual structure of this natural macrolide. When we were making several attempts to arrive at possible alternative structures for this natural lactone, we learned the results of X-ray diffraction analyses [63] , which showed that the compound had actually structure 4 ( Figure 1 ). Aspergillides A and B are thus epimeric at C-3 (Scheme 7). This apparently minor stereochemical difference between 4 and 5 affects the retrosynthetic concept in a crucial way, as it involves the methodology needed to install the relative configuration at stereocenters C-3/C-7 [52] .
Our initial retrosynthetic concept was based on the experience gained in the synthesis of 5 [11a]. We hoped to obtain a compound similar to 38 (Scheme 8) but having the required relative cis configuration at C-3/C-7.
Scheme 10: Synthesis of aspergillide A (4). Acronyms and abbreviations: brsm, based on recovered starting material.
Unfortunately, all attempts at obtaining a compound of this type using a Mukaiyama-type C-glycosidation [53] under various conditions were not satisfactory. We always obtained mixtures of tetrahydropyran derivatives showing either cis or trans relative configuration at the stereocenters C-3/C-7, with the desired cis isomer being never the major compound [11b,c]. Eventually, we were successful with a modified methodology (Scheme 10) in which the previous order of steps (first hydrogen atom introduction via DIBAL reduction, then the acetic acid side chain by using the Mukaiyama C-glycosidation) was inverted (first introduction of the acetic acid chain via an aldol-type reaction followed by the hydrogen atom). Thus, addition of the lithium enolate of ethyl acetate to lactone 39 at low temperature gave lactol 52 as a mixture of stereoisomers at the olefinic bond and at the hemiketal carbon. Treatment of this mixture with Et 3 SiH/BF 3 ·Et 2 O [60a] provided 53, which displayed an exclusively cis relationship at the stereocenter pair C-3/C-7, as shown by the observation of a NOE between H-3 and H-7. As the precursor lactone 39, 53 was also a ~ 9:1 E/Z mixture. Alkaline hydrolysis of 53 gave the desired acid 54 in almost quantitative yield.
Mindful of our synthesis of 5 [11a], we first submitted 54 to CM with alcohol 37 in the presence of catalyst Ru-II. This yielded 56 in 41% yield as a ca. 7:3 E/Z mixture. The subsequent macrolactonization, performed according to the Yamaguchi procedure [38] had an unexpected outcome, however. Only the minor Z isomer of 56 underwent cyclization to lactone (Z)-57 in 28% yield (based on the whole starting material). Apparently, the major E isomer decomposed under these conditions and could not be isolated. Variations in the reaction conditions did not lead
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Natural Product Communications Vol. 6 (4) 2011 511 to success, either. All attempts at macrolactonization under many other conditions [64] were also fruitless. The starting hydroxy acid 56 was the only defined compound isolated from the reaction mixture, with partial decomposition also taking place.
In view of this, we decided to change the order of the steps needed for the creation of the macrocyclic ring ( Figure 2 ). Esterification of 37 and 54 under Yamaguchi conditions [38] provided compound 55, still as an E/Z mixture. However, when subjected to RCM, ester 55 gave only lactone (Z)-57 in a very high yield. Furthermore, both the first and the second-generation ruthenium catalysts Ru-I and Ru-II yielded (Z)-57 as the sole reaction product, with Ru-I giving a higher yield (99% vs. 67%).
Since only the isomer with the Z-configured olefinic bond was available with good yield, ways to invert its configuration were sought. After some experimentation, we found that irradiation of a solution of lactone (Z)-57 in dry, deoxygenated toluene caused a photostationary equilibrium [65] in which 30% of the Z isomer was converted into (E)-57 (24% isolated yield, based on recovered starting material). Unfortunately, attempts at cleavage of the benzyl group in (E)-57 under several conditions [66] were unsuccessful. Again, an inversion in the order of steps provided the solution. Cleavage of the benzyl group in (Z)-57 was performed through treatment with DDQ in wet CH 2 Cl 2 [61]. This yielded the Z lactone 58, which was subjected as above to photochemical isomerization of the C=C bond. This afforded a mixture of 58 and its E isomer (56% isolated yield, based on recovered starting material), the spectral data of which matched those of natural aspergillide A 4 [19] .
In summary, we have shown that various retrosynthetic concepts may be applied when planning the synthesis of natural products having lactone rings of medium and large size. Of course, macrolactonizations will be called upon for the formation of the macrocyclic ring in a high percentage of such cases but olefin metathesis, as a powerful synthetic tool, will also often play a key role in many of them.
